This paper was selected for presentation by the Stee ring Committee , follow ing review of information contained i n an abstra c t subm itted by the author(s) . Th e paper, as presen ted hes not been revi ewed by the Stee ri ng Committee .
Tracer tests can be used to investigate reservoir heterogeneity which we define as reservoir characteristics which effect the sweep efficiency and Huid flow behaviour on a scale of practical interest, and which can be very important information especially for the design of IOR applications . It is helpful to onderstand the mechanism of tracer transport in various heterogeneous reservoirs before any interpretation of tracer test result is used to deduce reservoir heterogeneity .
In this paper, a new numerical approach is applied to model interwen tracer flow paths in heterogeneous porous media . In order to conserve mass and to reduce numerical dispersion to an insignificant degree, special techniques are described . As a result, both physical dispersion and adsorption, which can have significant effects on tracer transport in porous media, can be simulated efficiently . The techniques used include a mixed finite element method for solving the velocity and pressure fields simultaneously, a mass balance method for the solution of the phase saturation, and a random walk approach for simulating the tracer transport. Mechanisms of tracer transport in realisation of reservoirs writh vertical and areal heterogeneities have been analysed using the model .
Introduction
Interwell tracer tests involve injecting a slug of tracer Huid into an injection well, and recording the tracer production profiles at the producers . When the tracer Huid flows through the rese rvoir towards the producers, it experiences all the characte ristics of -the reservoir that it encounters . Thus, the path of the tracer Huid would represent the sweep patterns for the reservoir fluids, and the tracer concentration profiles obtained from the producers should reflect the rese rvoir characteristics . Tracer tests have been used to investigate reservoir heterogeneity' •2.3, such as vertical layering, areal permeability variations and fractures . The tracer may partition on the aqueous or hydrocarbon phases and some advantages can be gained by using mixed tracers . Reservoir characteristics from tracer tësts can be very important, especially for the design of infill well locations and fór IOR applications .
Any interpretation. of tracer test results is
enhanced by knowledge and onderst anding of the mechanism of tracer transpo rt in porous media witti different characte ristics. The numerical modelling of tracer flow can illuminate such onderstanding and can then help in planning the design and interpretation of tracer tests and in defining infill well locations.
In this paper, the mixed finite element method and the random walk approaches are used to simulate the interwell tracer flow through heterogeneous reservoirs . Pressure distribution, flow paths and tracer concentration profiles are predicted for heterogeneous reservoirs using oor newly developed model. The heterogeneity in a vertical direction is characterised by multi-layers of different kh values . Different permeability patterns are used to represent the areal heterogeneity .
Numerical Models
Numerical models for the tracer flow should honour the physical characteristics of the tracer test process . In tracer tests, the volume of tracer Huid injected is normally very small compared witti the volume of reservoir fluids, and physical dispersion and adsorption may have significant effects on the tracer Huid flow . Two problems that appear regularly in reservoir simulation, need to be solved in the numerical model used for simulating the tracer Huid flow. One is to reduce the numerical dispersion to a negligible degree so that the physical dispersion can be properly simulated ; the other is to ensure mass conservation, otherwise the small volume of tracer could become lost, resulting in erroneous prediction of tracer response . Our new model has been developed to meet these requirements by using a mixed finite element method and a random walk model . We have previously discuseed the models in Refs. (4) and (5), and will not repeat it again here except as a brief surrimár . y:i We intend in this paper to concentrate on application of the code .
Our simulator was developed for modelling tracer flow in two dimensional two phase (water and oil) flow in a slightly compressible heterogeneous reservoir . The mixed finite element model soloes the pressure and velocity fields simultaneously . Boundary conditions for both pressure and velocity are imposed in the proces of solution, therefore the calculated pressure and velocity c an satisfy the boundary conditions strictly . For instance, the magnitude of the velocity normai to a no-flow boundary is zero . The mals bal ance principle is then applied to solve for the ph ase saturation. In the random walk model, the tracer Huid is represented by a number of pa rticles. Based on the velocity field predicted from the mixed finite element method, the r andom walk model transpo rts and tracks the tracer Huid particles .
It accounts for dispersion (including molecular diffusion, longitudinal
and transverse dispersion) and adsorption through the reservoir and towards the production well, and records the particle production profile , at the production well . From the r andom. walk process, one c an picture the tracer movement through the rese rvoir and the way it responds to heterogeneities . This provides the corresponding tracer concentration profile .
Results and Discussion
We use the present models to simulate tracer transport through reservoirs in the presence of complicated heterogeneities . We analyse some relevant cases, including a quarter five-spot pattern and a line-drive pattern, both of which have different permeability distributions, and a commingled multi-layered quarter five-spot pattern .
The quarter five-spot pattern
As the first example, we look at the simple• case of a quarter five-spot pattern witti no-flow boundaries . Tracer Huid is injected in on e It is clean that the symmetry of pressure contours in the homogeneous case are distorted by the high permeability region in this more heterogeneous case ; and the direction of tracer flow is changed by the higher permeability streak, tiending it towards x-direction. If the higher permeability streak is now replaced by a lower permeability streak, the tracer flow paths and pressure contours are illustrated in Figure Ic . There it can be seen that the tracer flows mainly in y-direction in the lower permeability region as might be expected. The tracer concentration profiles corresponding to the homogeneous case and the above two heterogeneous cases are compared in Figure I d . It is clean that the higher permeability region induces an Barlier breakthrough of tracer, but production of tracer lasts longen than in the homogeneous case . The lower permeability streak delays the tracer breakthrough. This accords witti physical expectations .
Let us now consider isolated lower and higher permeability zones introduced into the pattem . The tracer flow paths and pressure contours in the reservoir and the tracer concentration responses at the production well are shown in Figures 2a through 2c . We see that the higher permeability zone draws the flow towards it, while the lower permeability zone repels the tracer flow . In terms of tracer concentration response, the isolated higher permeability zone in this case reduces the tracer breakthrough time in the same way as the rectangular higher permeability streak did in the previous case . [f we model cantinuity within the heterogeneous regions through to the wefls, the effect of the heterogeneiry pattems on tracer flow and on tracer concentration response can be seen in Figures 3a through 3c . It can be leen that in the presente of a luwe r 0 0 1 0 0 20 0 30 0 400 50 0 Time , hours permeability region, most of the tracer flow bypasses the lover permeability region, and then re-enters the region near the production welt. In the presence of a higher permeability renion, the tracer flow takes a short cut through the higher permeability region and quickly appears at the production welt. We see the familiar result of an early tracer breakthrough accompanied by a higher peak value of concentration . It is interenting to recognise the influence of the lover permeability zone in diverting flow so that the frater breakthrough is earlier than in the homogeneous case. This is reasonable once it is recognised that witti a no-flow boundary condition, the lover permeabiiity region reduces the effectave cross-sectional area of the frater flow compared witti the homogeneous case . 3.2 A Tine-drive patter n In the cases described above only one production welf is involved in the quarter of live spot pattere. We now look at how heterogeneity influences tracer flow and cancentration response in a direct line drive pattern where there are three injection welas and three production Wells . In that system the frater is injected from the middle injector, and it could possibly be produced at any of the production wells . In first case for this pattern . we assumed a homogenenus permeability of 1 md . The frater flow paths and the pressure toetours predicted are shown in ligure 4a and 4b, and the concentration responses from the three Wells are illustrated in Figure 4c . We show that the frater flows immediately to the middle well, and there is no frater productio n Figure 6 , all the tracer fl ows through the high permeability region to well 1 . If the permeability of tee streak decreases Erom 100 md to 2 md, as illustrated in Figure 7 . most of the tracer would be diverted Erom well 1 to well 2 . We see that the frater response depends not only on the permeability but also cpn the orientation of the heterogeneity pattern . Our model predicts this reasonable behaviour . We can extend the application of our numerical models to consider tracer flow behaviour in a multi-layered porous medium . The model system to illustrate this behaviour is a quarter five spot pattern of a multi-layer reservoirb, as shown in Figure 8 . It is assumed that there is no communication across layers, and that the injection rate into each layer is linearly proportional to the kh value of each layer. The penneability and the thickness of each layer are listed in Table 1 . Tracer concentration profiles are predicted for each layer and for the overall (combined) response from the wellbore, as shown in Figure 9 . We see that the concentration response for each layer is quite different . The breakthrough time and the maximum value of the concentration profile for each layer are related strongly to the permeability of each layer. The higher the permeability of a layer, the earlier the breakthrough and the higher the maximum value of the concentration for the layer. The contribution of each layer to the overall tracer response depends on the kh value of each layer. As illustrated in Figure 9 , the first two peaks on the overall response correspond to layer 1 and layer 4, because of the share contrast in their kh values (see Table 1 ) . The contributions from layer 2 and layer 3 are combined forming a flat profile on the overall response curve because of the small difference in their kh values.
Conclusions
1 . We have shown how our numerical model can be used to predict the tracer flow behaviour , including pressure contours , flow paths and tracer concentration profiles, in heterogeneous reservoirs with different d rive patterns.
2. In a quarter five-spot pattern witti no-flow boundaries, the presence of a higher-permeability contrast normally reduces the tracer breakthrough time ; while a lower-permeability region delays the breakthrough, unless the effective cross-sectional area of the tracer flow is changed dramatically .
3 . In a direct Tine drive pattern witti multi-welk, the tracer concentration response at each producer depends on both the value and the distribution of the permeability heterogeneities (bed forens and orientations ) . 
